Abstract. Continuous measurements of whole canopy isoprene emissions over an entire growing season are reported from Harvard Forest (42ø32'N, 72ø11'W). Emissions were calculated from the ratio of observed CO 2 flux and gradient multiplied by the observed hydrocarbon gradients. In summer 1995, 24-hour average emissions of isoprene from June 1 through October 31 were 32.7 x 101ø molecules cm-2 s-1 (mg C m-2 h-I = 2.8 x 10• molecules cm-2 s-•), and the mean midday mixing ratio was 4.4 ppbv at 24 m. Isoprene emissions were zero at night, increased through the morning with increasing air temperature and light, reached a peak in the afternoon between the peaks in air temperature and light, and then declined with light. Isoprene emissions were observed over a shorter seasonal period than photosynthetic carbon uptake. Isoprene emission was not detected from young leaves and reached a peak rate (normalized for response to measured light and temperature conditions) 4 weeks after leaf out and 2 weeks after emissions began. The normalized emission rate remained constant for approximately 65 days, then decreased steadily through September and into October. Total isoprene emissions over the growing season (42 kg C ha-1 yr-l) were equal to 2% of the annual net uptake of carbon by the forest. Measured isoprene emissions were higher than the Biogenic Emission Inventory System-II model by at least 40% at midday and showed distinctly different diurnal and seasonal emission patterns. Seasonal adjustment factors (in addition to the light and temperature factors) should be incorporated into future empirical models of isoprene emissions. Comparison of measured isoprene emissions with estimates of anthropogenic volatile organic compound emissions suggests that isoprene is more important for ozone production in much of Massachusetts on hot summer days when the highest ozone events occur.
and suggest that protection from heat may be the primary reason plants emit isoprene.
Isoprene emission from vegetation has been measured in natural environments using branch, leaf, and whole tree enclosure [Zimmerman, 1979; Similar results were observed using leaf enclosures [Fuentes et al., 1995] and whole tree enclosures [Pier, 1995] . Models of tropospheric chemistry and photochemical ozone production require accurate estimates of biogenic isoprene emissions. Currently, the U.S. Environmental Protection Agency uses inventories calculated from the Biogenic Emission Inventory System II (BEIS2) [Geron et al., 1994 ]. These models calculate emissions using databases of forest type or species composition, biomass density, basal emission rate (species dependent), and the response of isoprene emission to temperature and PAR from Guenther et al. [1993] . Leaf temperature and PAR are derived from ambient conditions above the ecosystem, and a canopy model is used to estimate their distribution at five vertical levels in the canopy. Two scenarios are used: (1) leaf temperature is assumed to equal above canopy air temperature (BEIS2), (2) leaf temperature is estimated using the energy balance model of Lamb et al. [1993] (BEIS2E). The model is designed to simulate midsummer emissions and assumes that, for a given ecosystem, emission rates vary only with temperature and PAR. The model does not include diurnal or seasonal changes in the basal emission factors.
In order to quantify whole ecosystem isoprene emissions, determine the response to temperature, light, and phenology, assess regional significance, and test the accuracy of current biogenic emission models, we built and deployed an automated system to continuously measure isoprene fluxes and relevant environmental variables which control them. In this paper we present a nearly continuous record of whole canopy isoprene emissions over an entire growing season. 
Flux-Gradient Similarity Calculation
We use a similarity approach for determining isoprene flux for a whole forest ecosystem, based on other quantities for which we have both mixing ratio data and direct measurements of flux [Goldstein et al., 1996] . The trace gas flux (F) is assumed to be proportional to the time-averaged mixing ratio gradient (dC/dz) above the forest for intervals longer than the timescale for the slowest significant turbulent events (10 min):
where K is the exchange coefficient for the averaging interval. In 1993 we determined K simultaneously from fluxes and vertical gradients of CO2 and H20 at this site [Goldstein et al., 1996] . CO2 has a source at the ground and a sink in the canopy, while H20 and isoprene are both emitted from the canopy; thus CO2 is not strictly similar to these other scalars. KCO2 was 20% lower than K H20 in the afternoon (1200-1800), and was 20% higher early in the day (0600 -0900) and late in the day (1900-2100). Theoretical calculations suggest that K for isoprene and H20 should be equal, but that KCO2 should be 20% lower over a deciduous forest [Baldocchi et al., 1995] , in agreement with our afternoon values. In this study, we compute K using measurements of CO2 flux and gradient and take the product of this K with the isoprene gradient to determine the isoprene flux (Figure 1 ).
We chose to use KCO2 because we did not have routine measurements for H20 or temperature gradients. Our choice of K may introduce a systematic underestimation of the 
Measurements
The analytical system for automated in situ measurements of hydrocarbon mixing ratios and gradients has been described in detail elsewhere [Goldstein et al., 1995a] ; thus only a brief description will be given here. Recovery of isoprene in the initial instrument configuration was low due to loss on the inner surfaces of stainless steel tubing. The loss of isoprene was eliminated in May 1995 by replacing all 1/16 inch stainless steel tubing in the sampling and preconcentration system with stainless steel tubing lined with fused silica (Silcosteel).
Air was drawn continuously from two inlets (24 and 29 m). Samples for analysis were extracted from the inlet lines and passed through glass cold traps at-20øC and Ascarite II (Thomas Scientific) traps to remove H20, 03, and CO2.
Samples were cryogenically preconcentrated on dual traps (40 mL min -] of air for 10 minutes onto fused silica lined 1/16 inch OD stainless steel tube, Silcosteel), and injected into a gas chromatograph with dual flame ionization detectors (Hewlett Packard 5890 series II). Chromatographic separation was accomplished using 30 m PLOT GS-Alumina Megabore capillary columns (J+W Scientific). Every fifth pair of samples was taken from the same altitude (29 m) by switching a valve near the inlet of the 24 m sampling line in order to determine the null for the observed mixing ratio gradient. The measurement system could operate continuously and unattended for 2 weeks, although data were normally downloaded at 6 day intervals. Mixing ratios for most hydrocarbons were determined using relative response factors [Ackman, 1964 [Ackman, , 1968 Dietz, 1967] referenced to an intemal neohexane standard (Scott-Martin, National Institute of Standards and Technology (NIST) traceable + 2%) added to every sample near the sample inlet by dynamic dilution. Response factors for isoprene were determined from dynamic dilution of isoprene standards (Scott-Martin, NIST traceable + 2%) added to ambient air samples near the sample inlet at the top of the tower and near the instrument at the bottom of the tower periodically from May to November 1995.
The analytical system was checked for contamination daily by running zero-air blanks. In addition, the Teflon sampling tubes were checked for contamination and memory effects by introducing zero-air at the sample inlets on top of the tower. No contamination or memory effects were detected for isoprene, and there was no detectable loss of isoprene in the Teflon sampling tubes.
The accuracy of the isoprene measurements was estimated to be +8%, based on the cumulative uncertainty of the isoprene standard, measurements of standard addition flows, and the integrity of isoprene in the sampling and analysis process. Measurement precision was approximately 3% at 1 ppbv, 5% at 0.5 ppbv, 10% at 0.2 ppbv, and 20% for mixing ratios less than 0.1 ppbv, as determined by the variance between measurements taken from the same level every fifth injection. The detection limit was approximately 0.01 ppbv.
Mixing ratio gradients of CO2 were measured simultaneously with the hydrocarbon gradients using a differential infrared gas analyzer (LICOR 6251), with air from 29 m passed through the reference cell and air from 24 m through the sample cell. Water vapor was removed from the air samples using nation dryers, and the samples were assumed to be at a common temperature before analyzing for CO2. The null gradient was measured after every sampling period by passing air from 29 meters through both cells. Instrument gain was determined by sequential standard addition of CO2 to the sample and then the reference air. The standard deviations of the zero gradient measurements were determined by comparing the null gradient measured every fifth sampling period (when hydrocarbon null gradients were determined) to the zero measurement directly following that period. The standard deviation in the zero measurements for CO2 (0.18 ppm) was • 20% of the mean midday gradients (-0.9 ppm CO2). Flux determinations were not attempted when observed gradients were very small, i.e., within 1 standard deviation of zero. The CO 2 fluxes and gradients, and all the NMHC measurements are reported as mole fractions relative to dry air at a common temperature, avoiding the need for density corrections due to gradients in temperature or H20 [Webbet al., 1980] .
Effects of Isoprene Source Spatial Heterogeneity
An inherent weakness in the gradient approach for quantifying isoprene fluxes is that the lower sampling intake has a different effective footprint than the upper sampling intake. If the isoprene source from the forest canopy is heterogeneous, this difference in footprints for the sample intakes could bias the measured fluxes. To determine whether isoprene emission was heterogeneous, we examined whether fluxes varied with wind direction from the tower. We calculated a normalized emission rate as measured/(modeled using BEIS2E), effectively removing the influence of light and temperature from the emission measurements, as represented by the model. Data were parsed into four wind quadrants (0o-90 ø (NE), 90ø-180 ø (SE), 180ø-270 ø (SW), and 270ø-360 ø (NW)) and the mean normalized emission rates were compared. The mean midday (1000 -1500 EST, June 15 to August 31) measured flux was 35% higher than the model. The mean normalized flux from the SW, NW, and NE wind quadrants agreed within & 6%. The SE wind quadrant was 20% lower than the mean of the other three wind quadrants (NE 1.29, SE 1.16, SW 1.39, NW 1.42). The percentage of data from each quadrant was 10%, 18%, 45%, and 28%, respectively. This comparison of normalized flux by wind quadrant suggests that systematic isoprene flux errors due to spatial heterogeneity of isoprene sources at our site are unlikely to be higher than 20% and are probably less than 10%.
Results and Discussion

Isoprene Ambient Mixing Ratios
Isoprene mixing ratios had a diurnal cycle with maximum mixing ratios in the afternoon, and minimum mixing ratios at night (Figure 1) . The mean summer daytime mixing ratio at 24 m was 4.4 ppbv (averaged from 1200 to 1600 EST, days 170-250); midday mixing ratios exceeded 15 ppbv on 3 days. The daytime isoprene mixing ratio at 29 m was typically 25% lower than the 24 m mixing ratio. Summer daytime null gradient measurements showed excellent agreement between the parallel measurement channels with a mean ratio of 1.007 & 0.023 (standard deviation). Nighttime mixing ratios varied with atmospheric stability and the previous day's emissions. On windy nights isoprene mixing ratios were usually below the instrument detection limit (< 10 pptv). On stable nights that followed days with significant emissions, mixing ratios were typically between 0.1 and 2 ppbv and decreased slowly until isoprene emissions resumed in the morning. There was no observable gradient from 24 to 29 m during the stable nights (e.g. night of day 184-185), indicating that nighttime isoprene loss was due mainly to chemical reactions (probably with ozone or nitrate) rather than direct deposition to the 
Regional Significance of Isoprene Emissions
Red oak is the dominant isoprene-emitting plant at Harvard
Comparison to Net Ecosystem Production
The percent of gross carbon uptake returned to the atmosphere as isoprene is strongly temperature dependent (Figure 4 , calculated as isoprene flux divided by gross ecosystem production during summer midday periods). In Harvard Forest, approximately 1% of the gross carbon uptake is released as isoprene at 25øC, and the percentage increases with temperature. These measurements reflect the uptake of carbon by a mixture of plants that do not all release isoprene, and this fraction is certainly higher for plants that emit Isoprene is not emitted for the first few weeks after leafout (LAI < 1.5), then increases with increasing LAI and NDVI. Isoprene emissions diminish in the fall in a manner consistent with decreasing LAI and NDVI, but isoprene emissions end before the leaves have fallen from the trees (LAI < 1.5) and before photosynthesis has ceased. Our findings suggest that seasonal changes in isoprene emissions could be modeled using NDVI data, or possibly by finer scale multispectral/temporal imagery, with minor adjustments for emission initiation in the spring and cessation in the fall. Such metrics should be incorporated into future empirical models of isoprene emission. Moreover, the importance of biogenic isoprene emissions increases dramatically on hot summer afternoons, coincident with periods of peak photochemical activity. In addition, isoprene is approximately 2.5 times as effective for photochemical ozone production per atom of carbon as the typical mix of VOCs found in urban air. Assuming that anthropogenic VOC emissions are substantially less temperature dependent than biogenic isoprene emissions, our results indicate that isoprene is more important than anthropogenic VOCs for photochemical ozone production on hot summer days in much of Massachusetts.
